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1
METHOD OF FABRICATING A MIM
CAPACITOR WITH MINIMAL VOLTAGE
COEFFICIENT AND A DECOUPLING MIM
CAPACITOR AND ANALOG/RF MIM
CAPACITOR ON THE SAME CHIP WITH
HIGH-K DIELECTRICS

TECHNICAL FIELD

The present disclosure relates to methods of manufactur-
ing semiconductor devices with capacitors. The present
disclosure is particularly applicable to metal-insulator-metal
(MIM) capacitors.

BACKGROUND

As system-on-chip (SOC) becomes increasingly complex,
MIM capacitors play an increasingly critical role in on-chip
decoupling, voltage regulation, and analog/radio frequency
(RF) circuits. A known approach for forming MIM capaci-
tors includes forming the capacitor with two different insu-
lator materials. However, in this instance, a low voltage
coeflicient of capacitance (VCC) is achieved at the expense
of capacitance density.

In addition, high capacitance density, low leakage MIM
capacitors using high dielectric constant (high-k) thin films
have been successfully used in high performance comple-
mentary metal-oxide-semiconductor (CMOS) logic chips to
minimize voltage dropping at the power grids. For many
CMOS and bipolar process generations, MIM capacitors
have also been an important component in analog/RF circuit
blocks. While analog/RF MIM capacitors are less demand-
ing in capacitance density and leakage, they have stringent
requirements on low series resistance and voltage and tem-
perature coefficients. Moreover, when both decoupling and
analog/RF capacitors are required to be placed on the same
chip, e.g., SOC, it is very difficult to build one MIM
capacitor that meets both decoupling capacitor (DECAP)
MIM and analog/RF MIM requirements. Further, integrating
two MIM capacitors, one optimized for decoupling and the
other for analog/RF, is usually very complicated and costly.

A need therefore exists for methodology enabling the
formation of a stacked MIM capacitor structure that can
concurrently achieve a low capacitance density, low leakage,
and low VCC as well as a low cost integration scheme to
fabricate two MIM capacitors, one optimized for decoupling
and the other for analog/RF, in a standard CMOS logic
process with only one additional mask.

SUMMARY

An aspect of the present disclosure is a method of forming
a stacked MIM capacitor structure that concurrently
achieves high capacitance density, low leakage, and low
VCC.

An additional aspect of the present disclosure is a method
of forming two MIM capacitors in a standard CMOS logic
process with one MIM optimized for decoupling capacitor
and the other for analog/RF capacitor with only one addi-
tional mask.

Another aspect of the present disclosure is a device
including a stacked MIM capacitor structure that concur-
rently achieves high capacitance density, low leakage, and
low VCC.

A further aspect of the present disclosure is a device
including two MIM capacitors on the same chip, one opti-
mized for decoupling and the other optimized for analog/RF.
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2

Additional aspects and other features of the present dis-
closure will be set forth in the description which follows and
in part will be apparent to those having ordinary skill in the
art upon examination of the following or may be learned
from the practice of the present disclosure. The advantages
of the present disclosure may be realized and obtained as
particularly pointed out in the appended claims.

According to the present disclosure, some technical
effects may be achieved in part by a method including:
forming a first and a second metal line in a substrate and
separated from each other; forming a first electrode over, but
insulated from, a portion of the first metal line; forming a
first high-k dielectric layer over the substrate, including on
the first electrode, the first high-k dielectric layer having a
quadratic voltage coefficient of capacitance (o); forming a
second electrode on the first high-k dielectric layer, over a
portion of the first electrode between the first and second
metal lines and over the second metal line; forming a second
high-k dielectric layer over the substrate, including on the
second electrode, the second high-k dielectric layer having
a coeflicient o' opposite in polarity but substantially equal in
magnitude to a; forming a third electrode on the second
high-k dielectric layer over the entire first electrode; forming
a via dielectric layer over the substrate; and forming a first
metal-filled via through the via dielectric layer, the first and
third electrodes, and the first and second high-k dielectric
layers, down to the first metal line, and a second metal-filled
via through the via dielectric layer, the first and second
high-k dielectric layers, and the second electrode, down to
the second metal line.

Aspects of the present disclosure include forming the first
and the second high-k dielectric layers to a thickness of 1
nanometer (nm) to 20 nm, respectively. Other aspects
include forming a second via dielectric layer and a silicon
nitride (SiN) cap over the substrate prior to forming the first
electrode. Further aspects include forming the first and
second metal-filled vias by single damascene or by dual
damascene with an upper copper (Cu) metal wiring layer.
Another aspect includes forming the first and the second
high-k dielectric layers by: forming one of the first and
second high-k dielectric layers of hafhium oxide (HfO,),
zinconium dioxide (ZrO,), hafnium aluminum oxide
(HfAlO), zirconium aluminum oxide (ZrAlO), titanium
oxide/silicon oxide (Ti0,/Si0,), zirconium lanthanum
oxide/zirconium titanium oxide (ZrL.aO,/ZrTiO,), or gado-
linium oxide/europium oxide (Gd,0;/Eu,0;); and forming
the other of the first and second high-k dielectric layers of
ZrTiO or erbium oxide/silicon oxide (Er,05/810,).

Another aspect of the present disclosure is a stacked MIM
device including: a first and second metal line formed in a
substrate and separated from each other; a first electrode
formed over, but insulated from, a portion of the first metal
line; a first high-k dielectric layer formed over the substrate,
including on the first electrode, the first high-k dielectric
layer having a coefficient a; a second electrode formed on
the first high-k dielectric layer, over a portion of the first
electrode between the first and second metal lines and over
the second metal line; a second high-k dielectric layer
formed over the substrate, including on the second electrode,
the second high-k having a coefficient o' opposite in polarity
but substantially equally in magnitude to c; a third electrode
formed on the second high-k dielectric layer over the entire
first electrode; a via dielectric layer formed over the sub-
strate; and a first metal-filled via formed through the via
dielectric layer, the first and third electrodes and the first and
second high-k dielectric layers, down to the first metal line,
and a second metal-filled via formed through the via dielec-
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tric layer, the first and second high-k dielectric layers, and
the second electrode, down to the second metal line.

Aspects of the device include the first and the second
high-k dielectric layers being formed to a thickness of 1 nm
to 20 nm, respectively. Other aspects include a second via
dielectric layer and a SiN cap being formed over the
substrate prior to the first electrode being formed. Further
aspects include the first and second metal-filled vias being
filled with an upper Cu metal wiring layer. Another aspect
includes one of the first or the second high-k dielectric layers
is formed of HfO,, ZrO,, HfAIO, ZrAlO, TiO,/SiO,,
ZrLa0,/7rTi0,, or Gd,05/Eu,0; and the other of the first or
the second high-k dielectric layer is formed of ZrTiO or
Er,0,/Si0,.

An additional aspect of the present disclosure is a method
including: forming a first, a second, a third, and a fourth
metal line in a substrate and separated from each other with
the second between the first and third and the third between
the second and fourth; forming a first electrode over, but
insulated from, a portion of the first metal line; forming a
first high-k dielectric layer over the substrate, including on
the first electrode, the first high-k dielectric layer meeting a
DECAP MIM requirement; forming two second electrodes
on the first high-k dielectric layer separated from each other,
one formed over a portion of the first electrode between the
first and second metal lines and over the second metal line
and an other formed over the fourth metal line and a portion
of the third metal line; forming a second high-k dielectric
layer over the substrate, including on the one second elec-
trode and on the other second electrode, the second high-k
layer meeting an analog/RF MIM requirement; forming two
third electrodes on the second high-k dielectric layer sepa-
rated from each other; one formed over the entire first
electrode and an other formed over a portion of the other
second electrode between the third and fourth metal lines
and over the third metal line; forming a via dielectric layer
over the substrate; forming a first metal-filled via over the
third metal line and through the via dielectric layer, down to
the other third electrode and a second metal-filled via over
the fourth metal line and through the via dielectric layer,
down to the other second electrode; and forming a third
metal-filled via through the via dielectric layer, the first and
the one third electrode, and the first and second high-k
dielectric layers, down to the first metal line, and a fourth
metal-filled via through the via dielectric layer, the first and
second high-k dielectric layers, and the one second elec-
trode, down to the second metal line.

Aspects of the present disclosure include forming the first
and the second high-k dielectric layers to a thickness of 1 nm
to 20 nm, respectively. Other aspects include forming a
second via dielectric layer and a SiN cap over the substrate
prior to forming the first electrode. Further aspects include
forming the first, the second, the third, and the fourth
metal-filled vias by dual damascene with an upper Cu metal
wiring layer. Another aspect includes forming the first and
the second high-k dielectric layers by: forming the first
high-k dielectric layer of HfO,, ZrO,, HfAIO, ZrAlO,
hafnium zinconium oxide (HfZrO), hafnium titanium oxide
(HfT10), ZrTiO, hatnium silicon oxide (HfSi0), zinconium
silicon oxide (ZiSiO); and forming the second high-k dielec-
tric layer of aluminum oxide (Al,O,), tantalum pentoxide
(Ta,0s5), hatnium tantalum oxide (HfTaO), hafnium silicon
oxide (HfSiO).

A further aspect of the present disclosure is a stacked
DECAP MIM and an analog/RF MIM device including: a
first, a second, a third, and a fourth metal line formed in a
substrate and separated from each other with the second
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4

between the first and third and the third between the second
and fourth; a first electrode formed over, but insulated from,
a portion of the first metal line; a first high-k dielectric
formed layer over the substrate, including on the first
electrode, the first high-k dielectric layer meeting a DECAP
MIM requirement; two second electrodes formed on the first
high-k dielectric layer separated from each other, one
formed over a portion of the first electrode between the first
and second metal lines and over the second metal line, and
an other formed over the fourth metal line and a portion of
the third metal line; a second high-k dielectric layer formed
over the substrate, including on the one second electrode and
on the other second electrode, the second high-k layer
meeting an analog/RF MIM requirement; two third elec-
trodes formed on the second high-k layer separated from
each other, one formed over the entire first electrode, and an
other formed over a portion of the other second electrode
between the third and fourth metal lines and over the third
metal line; a via dielectric layer formed over the substrate;
a first metal-filled via formed over the third metal line and
through the via dielectric layer, down to the other third
electrode, and a second metal-filled via formed over the
fourth metal line and through the via dielectric layer, down
to the other second electrode; and a third metal-filled via
formed through the via dielectric layer, the first and the one
third electrode, and the first and second high-k dielectric
layers, down to the first metal line, and a fourth metal-filled
via formed through the via dielectric layer, the first and
second high-k dielectric layers, and the one second elec-
trode, down to the second metal line.

Aspects of the device include the first and the second
high-k dielectric layers being formed to a thickness of 1 nm
to 20 nm, respectively. Other aspects include a second via
dielectric layer and a SiN cap being formed over the
substrate prior to the first electrode being formed. Further
aspects include the first, the second, the third, and the fourth
metal-filled vias are filled with an upper Cu metal wiring
layer. Another aspect includes the first high-k dielectric layer
being formed of HfO,, ZrO,, HfAlIO, ZrAlO, H{fZrO,
HfTiO, ZrTiO, HfSiO, or ZiSiO, and the second high-k
dielectric layer being formed of Al,O;, Ta,05, HfTaO, or
HfSiO.

Additional aspects and technical effects of the present
disclosure will become readily apparent to those skilled in
the art from the following detailed description wherein
embodiments of the present disclosure are described simply
by way of illustration of the best mode contemplated to carry
out the present disclosure. As will be realized, the present
disclosure is capable of other and different embodiments,
and its several details are capable of modifications in various
obvious respects, all without departing from the present
disclosure. Accordingly, the drawings and description are to
be regarded as illustrative in nature, and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure is illustrated by way of example,
and not by way of limitation, in the figures of the accom-
panying drawing and in which like reference numerals refer
to similar elements and in which:

FIGS. 1 through 6 schematically illustrate a process flow
for forming a MIM capacitor with a minimal voltage coef-
ficient, in accordance with an exemplary embodiment; and

FIGS. 7 through 14 schematically illustrate a process flow
for forming a DECAP MIM and analog/RF MIM capacitor
on the same chip with high-k dielectrics.
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DETAILED DESCRIPTION

In the following description, for the purposes of expla-
nation, numerous specific details are set forth in order to
provide a thorough understanding of exemplary embodi-
ments. It should be apparent, however, that exemplary
embodiments may be practiced without these specific details
or with an equivalent arrangement. In other instances, well-
known structures and devices are shown in block diagram
form in order to avoid unnecessarily obscuring exemplary
embodiments. In addition, unless otherwise indicated, all
numbers expressing quantities, ratios, and numerical prop-
erties of ingredients, reaction conditions, and so forth used
in the specification and claims are to be understood as being
modified in all instances by the term “about.”

The present disclosure addresses and solves the current
problem of concurrently satisfying high capacitance density,
low leakage, and low VCC attendant using a MIM capacitor
for on-chip decoupling, voltage regulation, and analog/RF
circuits. The present disclosure also addresses and solves the
current problem of satistying both decoupling and analog/
RF requirements attendant upon forming both a DECAP
MIM and analogy/RF MIM capacitor on the same chip.

Methodology in accordance with embodiments of the
present disclosure includes forming a first and a second
metal line in a substrate and separated from each other. A
first electrode is formed over, but insulated from, a portion
of'the first metal line. A first high-k dielectric layer is formed
over the substrate, including on the first electrode, the first
high-k dielectric layer having a coefficient a. A second
electrode is formed on the first high-k dielectric layer, over
a portion of the first electrode between the first and second
metal lines and over the second metal line. A second high-k
dielectric layer is formed over the substrate, including on the
second electrode, the second high-k dielectric layer having
a coeflicient o' opposite in polarity but substantially equal in
magnitude to . A third electrode on the second high-k
dielectric layer is formed over the entire first electrode and
a via dielectric layer is formed over the substrate. A first
metal-filled via is formed through the via dielectric layer, the
first and third electrodes, and the first and second high-k
dielectric layers, down to the first metal line, and a second
metal-filled via is formed through the via dielectric layer, the
first and second high-k dielectric layers, and the second
electrode, down to the second metal line.

Still other aspects, features, and technical effects will be
readily apparent to those skilled in this art from the follow-
ing detailed description, wherein preferred embodiments are
shown and described, simply by way of illustration of the
best mode contemplated. The disclosure is capable of other
and different embodiments, and its several details are
capable of modifications in various obvious respects.
Accordingly, the drawings and description are to be regarded
as illustrative in nature, and not as restrictive.

Adverting to FIG. 1, metal lines 101, 103, and 105, e.g.,
of Cu, each with a liner 107, e.g., of tantalum nitride/
tantalum (TaN/Ta), are formed in a substrate 109, in accor-
dance with an exemplary embodiment. Optionally, the for-
mation of metal line 101 may be omitted. Next, a SiN cap
111 is formed, e.g., of a low temperature SiN film, over the
substrate 109. A via dielectric layer 113 is then formed, for
example, of tetraethyl orthosilicate (TEOS), over the SiN
cap 111. Thereafter, an electrode 115 is formed, for example,
of TiN, TaN, Ta, or Ru, over a portion of metal line 103 and
an adjacent portion of substrate 109 between metal lines 103
and 105. The electrode 115 may be formed, for example, to
a thickness of 10 nm to 100 nm, e.g., 50 nm.
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6

A high-k dielectric layer 201 is formed over the substrate
109, including on the electrode 115, as depicted in FIG. 2.
The high-k dielectric layer 201 may be formed, for example,
of a high-k dielectric material having a positive coeflicient
a, e.g., HfO,, ZrO,, HfAIO, ZrAlO, TiO,/Si0,, ZrLaO,/
ZrTi0,, or Gd,03/Eu,0;, or of a high-k dielectric material
having a negative coefficient o, e.g., ZrTiO or Er,0,/Si0,.
Further, the high-k dielectric layer 201 may be formed, for
example, to a thickness of 1 nm to 20 nm, e.g., 5 nm. The
thickness of the high-k dielectric layer 201 is selected based
on the dielectric constant of the material, e.g., the higher the
dielectric constant, the thicker the material needs to be and
vice-versa. Thereafter, an electrode 203 may be formed, for
example, on the high-k dielectric layer 201 over a portion of
the electrode 115 and over the metal line 105. Similar to
electrode 115, electrode 203 may be formed, e.g., of TiN,
TaN, Ta, or Ru, and to a thickness of 10 nm to 100 nm, e.g.,
50 nm.

Adverting to FIG. 3, a high-k dielectric layer 301 with a
coeflicient @ opposite to that of high-k dielectric layer 201
is formed over the substrate 109, including on electrode 203.
Thereafter, an electrode 303 is formed on the high-k dielec-
tric layer 301 over the entire electrode 115. Similar to
electrodes 115 and 203, electrode 303 may be formed, e.g.,
of TiN, TaN, Ta, or Ru, and to a thickness of 10 nm to 100
nm, e.g., 50 nm. A via dielectric layer 401 is formed, e.g., of
TEOS, over the substrate 109, as depicted in FIG. 4.
Thereafter, the via dielectric layer 401 is planarized, e.g., by
chemical mechanical polishing (CMP), forming via dielec-
tric layer 401", as illustrated in FIG. 5.

Adverting to FIG. 6, a metal-filled via 601, e.g., filled with
Cu and having a liner 603, is formed through the via
dielectric layer 401, electrodes 303 and 115, and the high-k
dielectric layers 301 and 201, down to the metal line 103.
The metal-filled via 601 may be formed, for example, by a
single or a dual damascene process. Electrodes 115 and 303
are, therefore, connected together as one plate of the stacked
MIM. Similarly, a metal-filled via 605, e.g., filled with Cu
and having liner 603, is formed through the via dielectric
layer 401", the high-k dielectric layers 301 and 201, and the
electrode 203, down to the metal line 105. Then, electrode
203 forms the other plate of the stacked MIM. In addition,
a metal-filled via 607 may optionally be formed through the
via dielectric layer 401' down to the metal line 101 (if
applicable). The capacitor wiring is completed with an upper
Cu metal wiring layer (not shown for illustrative conve-
nience), which may be formed as part of the dual damascene
process described above.

The total capacitance of the high-k dielectric layers 201
and 301 is the sum of the two MIM capacitors in this
structure and, therefore, the total capacitance (C,)=C,+C,.
In addition, the voltage dependency of the capacitance can
be expressed by: AC/C,=aV>+pV, where (B) represents the
linear voltage coeflicient. As the linear term fV can be
reduced to zero by differential design techniques, the qua-
dratic term oV? is the most significant component of the
voltage coeflicient of capacitance to deal with in many
analog circuit design cases. Further, the quadratic voltage
coeflicient of the stacked capacitor is the sum of the coef-
ficients of the two capacitors: a=a,+a,,. Consequently, if the
dielectric material selected for the two capacitors is such that
a, and o, have about the same magnitude, but opposite
polarities, the resulting a can be very small and approach
zero. For example, if the high-k dielectric layer 201 is
formed of TiO/Si0, (a;=90) and the high-k dielectric layer
301 is formed of Er,0,/Si0, (a,=-73), then coeflicient
a=17. Consequently, the stacked MIM structure as
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described in FIG. 6 can achieve capacitance density C,>20
fF/um?, leakage (Jg)<100 pA/cm?, and ¢.<100 ppm.

FIGS. 7 through 14 schematically illustrate a process flow
for forming a DECAP MIM and an analog/RF MIM capaci-
tor on the same chip with high-k dielectrics, in accordance
with an exemplary embodiment. Adverting to FIG. 7, metal
lines 701, 703, 705, 707, and 709 are formed, e.g., of Cu,
each with a liner 711, e.g. of TaN/Ta, in a substrate 713.
However, the formation of metal line 709 is optional. Next,
a SiN cap 715 is formed, e.g., of a low temperature SiN film,
over the substrate 713. A via dielectric layer 717 is then
formed, for example, of TEOS, over the SiN cap 715.
Thereafter, an electrode 719 is formed, for example, of TiN,
TaN, Ta, or Ru, over a portion of metal line 701 and the
adjacent substrate between lines 701 and 703. The electrode
719 may be formed, for example, to a thickness of 10 nm to
100 nm, e.g., 50 nm. The electrode 719 is patterned as the
bottom plate of the to-be-formed stacked DECAP MIM.

A high-k dielectric layer 801 is formed over the substrate
713, including on electrode 719. The high-k dielectric layer
801 may be formed, for example, of HfO,, ZrO,, HfAIO,
ZrAlO, HfZrO, Hf 10O, ZrTiO, HfSiO, ZiSiO, or any mate-
rial meeting a high density/low leakage DECAP require-
ment. Similar to the high-k dielectric layers 201 and 301, the
high-k dielectric layer 801 may be formed, for example, to
a thickness of 1 nm to 20 nm, e.g., 5 nm. Thereafter,
electrode 803 may be formed, for example, over a portion of
electrode 719 between metal lines 701 and 703 and over
metal line 703. Electrode 805 may be formed, for example,
over metal line 707, a portion of metal line 705, and the
space therebetween. Similar to electrode 719, electrodes 803
and 805 may be formed, e.g., of TiN, TaN, Ta, or Ru, and to
a thickness of 10 nm to 100 nm, e.g., 50 nm. Electrode 803
is patterned as the middle plate of the stacked DECAP MIM,
and electrode 805 is patterned as the bottom plate for the
analog/RF MIM.

Adverting to FIG. 9, a high-k dielectric layer 901 is
formed over the substrate 713, including on electrodes 803
and 805. The high-k dielectric layer 901 may be formed, for
example, of Al,O;, Ta, O, HfTaO, or HfSiO, or any material
that meets a good linearity requirement for an analog/RF
MIM. Similar to the high-k dielectric layer 801, the high-k
dielectric layer 901 may be formed, for example, to a
thickness of 1 nm to 20 nm, e.g., 5 nm. Thereafter, electrode
903 may be formed, for example, over the entire electrode
719, and electrode 905 may be formed, for example, over
metal line 705 and a portion of electrode 805 between metal
lines 705 and 707. Similar to electrodes 719, 803 and 805,
electrodes 903 and 905 may be formed, e.g., of TiN, TaN, Ta,
or Ru, and to a thickness of 10 nm to 100 nm, e.g., 50 nm.
Electrode 903 is patterned as the top plate of the stacked
DECAP MIM, and electrode 805 is patterned as the top plate
for the analog/RF MIM.

A via dielectric layer 1001 is formed, e.g., of TEOS, over
the substrate 713, as illustrated in FIG. 10. Thereafter, the
via dielectric layer 1001 is planarized, e.g., by CMP, forming
via dielectric layer 1001', as depicted in FIG. 11. Adverting
to FIG. 12, trench 1201 is formed through the via dielectric
layer 1001', down to electrode 905. Trench 1203 is formed
through the via dielectric layer 1001' and the high-k dielec-
tric layer 901, down to the electrode 805. The trenches 1201
and 1203 may be formed, for example, by photo-masking
steps, to open contact vias for electrodes 905 and 805,
respectively, of the analog/RF MIM, as depicted by the
dashed line 1205. Adverting, to FIG. 13, trench 1301 is
formed through the via dielectric layer 1001, electrode 903,
the high-k dielectric layers 801 and 901, and electrode 719,
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down to the metal line 701. Similarly, trench 1303 is formed
through the via dielectric layer 1001', the high-k dielectric
layer 901, electrode 803, and the high-k dielectric layer 801,
down to the metal line 703. The trenches 1301 and 1303 may
be formed, for example, by baseline contact steps, to open
contact vias for electrodes 903 and 719 and 803, respec-
tively, of the DECAP MIM, as depicted by the dashed line
1305. It may be possible to simultaneously form trenches
1201, 1203, 1301, and 1303.

Adverting to FIG. 14, metal-filled vias 1401, 1403, 1405,
and 1407, e.g., filled with Cu and each having a liner 1409,
are formed in trenches 1201, 1203, 1301, and 1303, respec-
tively. The metal-filled vias 1401 through 1407 may be
formed, for example, by a dual damascene process, which
completes the capacitor wiring with an upper Cu metal
wiring layer (not shown for illustrative convenience). As
previously mentioned, electrodes 719 and 903 are connected
together as one plate of the stacked DECAP MIM, and
electrode 803 is the common electrode in the middle of the
DECAP MIM. The net capacitance of the structure is the
sum of the two stacked MIMs. In addition, the electrodes
719, 803, 805, 903, and 905 are contacted by the sidewall
region of the plugs of vias 1405, 1407, 1401, and 1403.
Further, electrodes 905 and 805 are the top and bottom
plates, respectively, of the analog/RF MIM. The MIM
electrodes can be contacted by multiple vias in large num-
bers to reduce contact resistance. Further, whereas three (3)
masks are typically required to form a single DECAP MIM,
the steps of FIGS. 7 through 14 described herein require
only four (4) masks, i.e., only one additional mask, to
fabricate both a DECAP MIM and an analog/RF MIM on the
same chip.

The embodiments of the present disclosure can achieve
several technical effects including a MIM capacitor that can
concurrently achieve high capacitance density, low leakage,
and a low coefficient .. In addition, the present disclosure
can achieve several further technical effects including two
MIM capacitors formed in a standard CMOS logic process
using one MIM optimized for a decoupling capacitor and
another for an analog/RF capacitor with only one additional
mask. Embodiments of the present disclosure enjoy utility in
various industrial applications as, for example, micropro-
cessors, smart phones, mobile phones, cellular handsets,
set-top boxes, DVD recorders and players, automotive navi-
gation, printers and peripherals, networking and telecom
equipment, gaming systems, and digital cameras. The pres-
ent disclosure is particular applicable to semiconductor
devices having decoupling MIM capacitors and/or analog/
RF MIM capacitors.

In the preceding description, the present disclosure is
described with reference to specifically exemplary embodi-
ments thereof. It will, however, be evident that various
modifications and changes may be made thereto without
departing from the broader spirit and scope of the present
disclosure, as set forth in the claims. The specification and
drawings are, accordingly, to be regarded as illustrative and
not as restrictive. It is understood that the present disclosure
is capable of using various other combinations and embodi-
ments and is capable of any changes or modifications within
the scope of the inventive concept as expressed herein.

What is claimed is:

1. A method comprising:

forming a first, a second and a third metal line in a
substrate and separated from each other;

forming a first electrode over, but insulated from, a
portion of the first metal line;
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forming a first high-k dielectric layer over the substrate,
including on the first electrode, the first high-k dielec-
tric layer having a quadratic voltage coeflicient of
capacitance (.);

forming a second electrode on the first high-k dielectric

layer, over a portion of the first electrode between the
first and second metal lines and over the second metal
line;
forming a second high-k dielectric layer over the sub-
strate, including on the second electrode, the second
high-k dielectric layer having a coefficient o' opposite
in polarity but substantially equal in magnitude to a;

forming a third electrode on the second high-k dielectric
layer over the entire first electrode;

forming a via dielectric layer over the substrate; and

forming a first metal-filled via through the via dielectric

layer, the first and third electrodes, and the first and
second high-k dielectric layers, down to the first metal
line, a second metal-filled via through the via dielectric
layer, the first and second high-k dielectric layers, and
the second electrode, down to the second metal line,
and a third metal-filled via through the via dielectric
layer, and the first and second high-k dielectric layers,
down to the third metal line, wherein the third metal-
filled via does not pass through any electrode.

2. The method according to claim 1, comprising forming
the first and the second high-k dielectric layers to a thickness
of 1 nanometer (nm) to 20 nm, respectively.

3. The method according to claim 1, comprising forming
a second via dielectric layer and a silicon nitride (SiN) cap
over the substrate prior to forming the first electrode.

4. The method according to claim 1, comprising forming
the first and second metal-filled vias by single damascene or
by dual damascene with an upper copper (Cu) metal wiring
layer.

5. The method according to claim 1, comprising forming
the first and the second high-k dielectric layers by:

forming one of the first and second high-k dielectric

layers of hafnium oxide (HfO,), zinconium dioxide
(Zr0O,), hafnium aluminum oxide (HfAIO), zirconium
aluminum oxide (ZrAlO), titanium oxide/silicon oxide
(Ti0,/810,), zirconium lanthanum oxide/zirconium
titanium oxide (ZrLaO,/ZrTi0,), or gadolinium oxide/
europium oxide (Gd,0;/Eu,0;); and

forming the other of the first and second high-k dielectric

layers of ZrTiO or erbium oxide/silicon oxide (Er,O/
Si0,).

6. A stacked metal-insulator-metal (MIM) device com-
prising:

a first, a second and third metal line formed in a substrate

and separated from each other;
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a first electrode formed over, but insulated from, a portion
of the first metal line;

a first high-k dielectric layer formed over the substrate,
including on the first electrode, the first high-k dielec-
tric layer having a quadratic voltage coeflicient of
capacitance (a);

a second electrode formed on the first high-k dielectric
layer, over a portion of the first electrode between the
first and second metal lines and over the second metal
line;

a second high-k dielectric layer formed over the substrate,
including on the second electrode, the second high-k
having a coefficient o' opposite in polarity but substan-
tially equally in magnitude to o

a third electrode formed on the second high-k dielectric
layer over the entire first electrode;

a via dielectric layer formed over the substrate; and

a first metal-filled via formed through the via dielectric
layer, the first and third electrodes and the first and
second high-k dielectric layers, down to the first metal
line, a second metal-filled via formed through the via
dielectric layer, the first and second high-k dielectric
layers, and the second electrode, down to the second
metal line, and a third metal-filled via through the via
dielectric layer, and the first and second high-k dielec-
tric layers, down to the third metal line, wherein the
third metal-filled via does not pass through any elec-
trode.

7. The device according to claim 6, wherein the first and
the second high-k dielectric layers are formed to a thickness
of 1 nanometer (nm) to 20 nm, respectively.

8. The device according to claim 6, further comprising a
second via dielectric layer and a silicon nitride (SiN) cap
formed over the substrate prior to the first electrode being
formed.

9. The device according to claim 6, wherein the first and
second metal-filled vias are filled with an upper copper (Cu)
metal wiring layer.

10. The device according to claim 6, wherein one of the
first or the second high-k dielectric layers is formed of
hafnium oxide (HfO,), zinconium dioxide (ZrO,), hafhium
aluminum oxide (HfAlO), zirconium aluminum oxide
(ZrAlO), titanium oxide/silicon oxide (TiO,/Si0,), zirco-
nium lanthanum oxide/zirconium titanium oxide (ZrLaO,/
ZrTi0,), or gadolinium oxide/europium oxide (Gd,O,/
Eu,0,) and the other of the first or the second high-k
dielectric layer is formed of ZrTiO or erbium oxide/silicon
oxide (Er,0,/S8i0,).



